Thermochemistry and kinetics of the trans-N2H2+N reaction  by Spada, Rene F.K. et al.
Chemical Physics Letters 557 (2013) 37–42Contents lists available at SciVerse ScienceDirect
Chemical Physics Letters
journal homepage: www.elsevier .com/ locate /cplet tThermochemistry and kinetics of the trans-N2H2 þ N reaction
Rene F.K. Spada a,b, Luiz F.A. Ferrão a,b, Daniely V.V. Cardoso a, Orlando Roberto-Neto c,
Francisco B.C. Machado a,⇑
aDepartamento de Química, Instituto Tecnológico de Aeronáutica, São José dos Campos, 12.228-900 São Paulo, Brazil
bDepartamento de Física, Instituto Tecnológico de Aeronáutica, São José dos Campos, 12.228-900 São Paulo, Brazil
cDivisão de Aerotermodinâmica e Hipersônica, Instituto de Estudos Avançados, São José dos Campos, 12.228-001 São Paulo, Brazil
a r t i c l e i n f o a b s t r a c tArticle history:
Received 2 October 2012
In ﬁnal form 7 December 2012
Available online 19 December 20120009-2614/$ - see front matter  2012 Elsevier B.V. A
http://dx.doi.org/10.1016/j.cplett.2012.12.011
⇑ Corresponding author.
E-mail addresses: rfkspada@gmail.com (R.F.K. Spa
(L.F.A. Ferrão), daniely@ita.br (D.V.V. Cardoso), orla
Neto), fmachado@ita.br (F.B.C. Machado).Thermochemical and kinetics properties of the hydrogen abstraction and addition processes of the
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aug-cc-pVXZ (X = T,Q) basis set. The CCSD (T)/CBS//BB1K/aug-cc-pVTZ results for classical barrier height
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aug-cc-pVTZ results. The rate constants calculated show that the variational and tunneling effects play
a relevant role only for the abstraction reaction.
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Reactions involving N2HX kind of molecules are of great impor-
tance since they are present in several chemical kinetics mecha-
nisms proposed to describe the chemistry of diamine based
propellants. One of these molecules, the diazene (N2H2), is involved
in several elementary reactions of the kinetic mechanism proposed
for the hydrazine (N2H4) decomposition [1], which is a propellant
widely used in attitude control system of spacecrafts [2] over a
wide range of conditions [3,4]. Concerning the hydrazine molecule,
the vibrational frequencies, equilibrium geometry and the ioniza-
tion potential were investigated by our group in previous works
[5,6].
It is well known that, in most of kinetics mechanisms proposed
in the literature for the hydrazine decomposition, the elementary
reaction rate constants are estimated, only a few are measured. Be-
sides its importance in elementary steps of the hydrazine decom-
position, the reactions involving diazene are also fundamental in
the pyrolysis of ammonia [7]. Among other elementary reactions
of these mechanisms, the ones involving N2H2 with radicals, like
H and N, are fundamental steps. To our knowledge, there are no
experimental data for these reactions, however, the diazene reac-
tion with the hydrogen atom was theoretically well characterized
[8,9]. The main goal of this Letter is to determine the barrier
heights and the reaction rates for the trans-N2H2 þ N reaction
system.ll rights reserved.
da), ferrao_lfa@yahoo.com.br
ndo@ieav.cta.br (O. Roberto-In the transition state theory (TST) model [10–12], accurate
evaluation of the classical barrier height and the structures of sta-
tionary points (reactants, transition state (TS) and products) are
generally the main factors in order to obtain reliable thermal rate
constants of chemical reactions. The strategies to calculate these
thermochemical properties are discussed in some selected works
in the literature [13–15]. The TST assumes that the TS is located
at the saddle point (SP), and to obtain better results, it is important
to use the canonical variational transition state theory (CVT),
which uses information of non-stationary points along the poten-
tial energy surface to maximize the Gibbs free energy and ﬁnd
more reliable transition states, leading to more accurate rate con-
stants [11,12].
In this Letter two reaction paths of the trans-N2H2 þ N system
were studied, the hydrogen abstraction (R1), trans-N2H2 þ N !
N2H þ NH, and the addition (R2), trans-N2H2 þ N ! N3H2, both rep-
resented in Figure 1. In the CVT rate constants calculations, the po-
tential energy surfaces were generated using the BB1K functional,
and the properties of the stationary points were corrected by a
highly correlatedmethod, CCSD (T) at theBB1Koptimizedgeometry.
This procedure is known as dual-level methodology [16].2. Methodology
The calculations were carried out using ab initio methods, such
as second orderMøller–Plesset (MP2) [17] and coupled cluster with
single, double and quasi-perturbative triple excitations (CCSD (T))
[18]. These methodologies use only one Slater determinant (conﬁg-
uration) reference and are known as single reference (SR) wave
functionmethods. However, it is well known that one should ﬁgure
Figure 1. The hydrogen abstraction (R1) and addition (R2) reaction paths for the N2H2 þ N system. The bond distances (Å) stands for BB1K/aTZ (ﬁrts line), CCSD (T)/aTZ
(second line, in parenthesis) and CASSCF (third line, in brackets).
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use the T1 diagnostic [19], which takes in account the single excita-
tions on the CCSD method to estimate the multireference (MR)
character of the system. According to Lee and Taylor [19], a value
of T1 diagnostic greater than 0.02 indicates a certain multiconﬁgu-
ration character, although Rienstra–Kiracofe et al. have argued that
it become signiﬁcant with values greater than 0.044 [20].
The MRmethods were also employed in the present work, start-
ing with the geometry optimization and the harmonic frequencies
calculation of all stationary points using the complete active space
self-consistent ﬁeld (CASSCF) [21]. The CASSCF active space con-
tains all valence electrons and orbitals, that is, 17 electrons in 14
orbitals. Using these geometries and orbitals, single-point calcula-
tions were performed using MR second order perturbation theory
(CASPT2) [22] and internally contracted MR conﬁguration interac-
tion theory with single and double excitations (MRCI) [23], also
including the Davidson’s correction to the energy (MRCI + Q)
[24]. However, these calculations were carried out using a smaller
reference set, the one built with an active space of 11 electrons in
11 orbitals. Using the CASSCF calculations, the multireference char-
acter of the wave functions were also estimated by the use of M
diagnostic [25], which takes in account the occupancy number of
the natural orbitals in the CASSCF calculations. The value of M
diagnostic smaller than 0.05, in the interval of 0.05–0.1, and great-
er than 0.1 are considered to present a low, moderate and high
multireference character in the wave function, respectively [25].
The optimization of geometries and frequencies of the station-
ary points were also calculated using density functional theory
(DFT) approximations. The functionals employed were B3LYP
[26,27] and the hybrid meta-GGA BB1K [28], M05 [29], M05-2X
[30], M06, M06-2X [31] and M06L [32].
All of the electronic calculations were performed with the aug-
cc-pVXZ (X = T,Q) basis set [33], which will be abreviated to aXZ
(X = T,Q) along the text.The intrinsic reaction coordinate (IRC) [34,35] calculations were
carried out to verify the connection between transition states and
equilibrium geometries of the reactants and products.
The reactions energetic properties were also performed using
CCSD (T) single point calculations at the BB1K/aTZ geometries
and frequencies, which can be compared with the results obtained
at the CCSD (T) optimized equilibrium geometries. In the CCSD (T)
and MRCI calculations, we used the aXZ (X = T,Q) basis set and
energetic properties were extrapolated to the complete basis set
(CBS) limit using the extrapolation procedure of Halkier et al. [36],
ECBS ¼
EðnÞ  n3  Eðn 1Þ  ðn 1Þ3
h i
n3  ðn 1Þ3
h i ; ð1Þ
where n is equal to 4 for the aQZ basis set.
The calculated energetic properties are the classical barrier
height ðV zÞ (deﬁned as the electronic energy difference between
the transition state and the reactants), the vibrationally adiabatic
barrier height (evaluated at the transition state for the forward
reaction ðDVG;za Þ and deﬁned as V z þ DZPEÞ, the electronic energy
of reaction ðDEÞ, and the enthalpy of the reaction at 0 K ðDHo0Þ.
For reactions R1 and R2, the thermal rate constants were calcu-
lated using dual-level direct dynamics, in particular by variational
transition state theory with interpolated single-point-energy cor-
rections (VTST-ISPE) [16]. This approach involves the simultaneous
use of two levels of calculations. At a lower-level BB1K/aTZ was
used in the calculation of the potential energy surface, generating
gradients and Hessians for the whole reaction path. As discussed
below, the BB1K functional presented the best DFT results com-
pared to the high-level ab initio methods. For the high-level, the
classical barrier heights and reaction energies were calculated
using the CCSD (T)/CBS//BB1K/aTZ method. In the canonical
variational transition state (CVT) calculations, we also included
R.F.K. Spada et al. / Chemical Physics Letters 557 (2013) 37–42 39the tunneling effects using the zero-curvature tunneling (CVT/ZCT)
[37,38] and small-curvature tunneling (CVT/SCT) [39] methods.
The calculations were performed using the GAUSSIAN 09 [40] and
MOLPRO 2010.1 [41] computational packages for the single-refer-
ence and multireference electronic structure methods, respec-
tively. The chemical kinetics was calculated using the Polyrate
package [42] and the Gaussrate interface [43] (an interface be-
tween POLYRATE and GAUSSIAN packages), for the potential energy sur-
face calculations.3. Results and discussion
The geometries of saddle point, reactants and products for the
N2H2 þ N ! N2H þ NH (R1) and N2H2 þ N ! N3H2 (R2) reaction
paths were optimized using DFT approximations, CASSCF, MP2
and the CCSD (T) levels of theory.
Figure 1 shows the structures of all of the stationary points (reac-
tants, products, and saddle-point) of reactions R1 and R2 with se-
lected key values of bond distances and angles optimized using
the CCSD (T) [18], CASSCF [21] and BB1K [28] methods with the
aTZ basis set [33]. The vibrational harmonic frequencies calculated
at the same levels are listed in Table 1. The complete set of geomet-
rical parameters and vibrational frequencies is available by request.
The calculated equilibrium geometries of N2H2 and NH can be
compared with their experimental data. For N2H2, the experimen-
tal values [44] of distances N  H;N  N and the angle HNN are
1.029 Å, 1.247 Å, and 106.3, respectively, and for NH, the experi-
mental distance is 1.0362 Å [45]. Our best results calculated at
CCSD (T)/CBS, are equal to 1.029 Å, 1.246 Å, and 106.4 for the
geometry parameters of N2H2, and equal to 1.036 Å for the NH dis-
tance, which are in excellent agreement with the experimental re-
sults. Note also that the CCSD (T)/aTZ and BB1K/aTZ results are
close and in good agreement with the experimental data. Due to
the high exoergicity of the reaction R1, and in accord with the
Hammond’s postulate [46], the extention of the formation N—H
is larger than that of the breaking N—H bond, as shown in the tran-
sition state structure of Figure 1. Also, the R2 reaction has an early
transition state, in which the geometry of N2H2 moiety does not
present signiﬁcant changes (Figure 1). The same behavior
occurs for the two similar reactions in the N2H2 þ H reaction sys-
tem [8]. Note also that, for the two reactions, the BB1K/aTZ and
CCSD (T)/aTZ transition states geometries are in good agreement.
For the transition states, the vibrational analysis demonstrates
that their respective modes correspond to the expected reactionTable 1
Harmonic vibrational frequencies ðcm1Þ for the reatctants, saddle-points and products calc
cc-pVTZ basis set.
Molecule Frequencies
N2H2 3392 3358 1751 1629
3297 3265 1611 1552
3158 3124 1617 1527
N2H 2977 1968 1130
2880 1848 1108
2424 1712 1120
NH 3366
3264
3150
N3H2 3546 3484 1520 1336
3454 3367 1491 1308
3744 3258 1544 1349
SPR1 3283 1830 1427 1287
3207 1701 1394 1263
3547 1623 1440 1269
SPR2 3466 3431 1547 1434
3365 3329 1523 1320
3628 3305 1578 1337paths and all saddle-points have only one imaginary frequency.
Accurate calculations of vibrational modes, mainly their imaginary
frequency, are very important in modeling the global potential of
surfaces for dynamical calculations [47], and we have shown pre-
viously [48,49] that the BB1K functional produces imaginary fre-
quencies for the transition states that are in good agreement
with the CCSD (T) calculations, as obtained for the present
reactions.
Tables 2 and 3 include the calculated electronic barrier heights
with and without the zero-point energies, electronic reaction ener-
gies, and enthalpies of reaction at 0 K of the two reaction paths of
the Nð4SÞ þ trans-N2H2 reactions. The best estimates of the ener-
getic properties were calculated using both single-reference (SR)
and multireference (MR) methods. Before discussing these results,
we ﬁrst attempt to quantify the multireference character in the
electronic wave functions by using the T1 and M diagnostics.
The T1 diagnostic computed for N2H2 (0.012), N2H (0.044), SPR1
(0.045), NH (0.011), N (0.007), SPR2 (0.043) and N3H2 (0.023) indi-
cates thatN2H; SPR1 and SPR2 havea certainmultireference character,
although they are in the limit which can be treated by single-refer-
ence methods. The calculated M diagnostic for N2H2;N2H; SPR1;
NH; SPR2 and N3H2 are 0.086, 0.083, 0.074, 0.028, 0.120 and 0.047,
respectively. As afﬁrmed before, values of M between 0.05 and
0.10 and greater than 0.1 are considered to have a modest and large
character. Although these results conﬁrm the non-negligible mul-
tireference character in N2H; SPR1, and SPR2, the single-reference
CCSD (T) wave function can be considerate a reliable model to treat
these two reaction paths, as discussed below.
For the R1 reaction path, our best results based on single-refer-
ence method for classical barrier height (V z) and electronic energy
of reaction (DE) are those calculated using CCSD (T)/CBS, equal to
13.1 and 10.8 kcal/mol, respectively. The results obtained using
the single point CCSD (T)/CBS//BB1K/aTZ, respectively equal to
13.1 and 11.0 kcal/mol are practically equal to the CCSD (T)/CBS
results. The calculated values for the vibrationally adiabatic barrier
height (DVG;za ) using CCSD (T)/CBS (9.8 kcal/mol) and using the sin-
gle point CCSD (T)/CBS//BB1K/aTZ (9.4 kcal/mol), differs by only
0.4 kcal/mol. This indicates that the zero point energies calculated
with the BB1K/aTZ and CCSD (T)/CBS are in good agreement. Note
also that the best results calculated with the density functional
theory approximations are those obtained with the BB1K func-
tional. Using the multireference methods, our best results for the
classical barrier height (V z) and the electronic energy of reaction
(DE) are respectively equal to 17.5 and 11.9 kcal/mol at the singleulated using BB1K (ﬁrst line), CCSD (T) (second line) and CASSCF (third line) with aug-
1378 1376
1344 1317
1354 1321
1155 1112 865 528 419
1081 1027 860 527 418
1048 998 870 513 430
1234 587 475 184 2113i
1204 576 460 168 2441i
1193 521 478 160 2916i
1329 1195 567 334 607i
1294 1151 558 330 685i
1204 1117 599 366 846i
-10
-5
 0
 5
 10
 15
 20
 25
 30
 35
-2 -1.5 -1 -0.5  0  0.5  1  1.5  2
En
er
gy
 [k
ca
l/m
ol
]
s (angstrom)
R1 Vmep
R2 Vmep
R1 Va
G
R2 Va
G
Figure 2. Minimum energy curve ðVmepÞ and vibrationally adiabatic potential curve
ðVGa Þ of R1 and R2 calculated by the BB1K/aTZ method and corrected with the CCSD
(T)/CBS//BB1K/aTZ thermochemistry results.
Table 4
Rate constants (in cm3 mol1 s1) for the R1 reaction path
(trans-N2H2 þ N ! N2H þ NHÞ.a
T (K) TST CVT CVT/ZCT CVT/SCT
200 2.66E22 1.83E22 1.05E20 7.30E20
250 3.23E20 2.39E20 2.30E19 1.10E18
298 7.44E19 5.75E19 2.40E18 8.17E18
300 8.30E19 6.43E19 2.61E18 8.79E18
350 8.79E18 7.01E18 1.81E17 4.60E17
400 5.34E17 4.35E17 8.58E17 1.78E16
500 7.21E16 6.01E16 8.93E16 1.43E15
600 4.41E15 3.71E15 4.78E15 6.64E15
700 1.70E14 1.44E14 1.70E14 2.16E14
800 4.90E14 4.13E14 4.62E14 5.55E14
900 1.15E13 9.65E14 1.04E13 1.20E13
1000 2.35E13 2.13E13 2.24E13 2.52E13
1100 4.29E13 3.82E13 3.85E13 4.23E13
1200 7.22E13 6.27E13 6.09E13 6.61E13
1300 1.14E12 9.65E13 9.09E13 9.74E13
1400 1.70E12 1.41E12 1.30E12 1.38E12
1500 2.43E12 1.96E12 1.80E12 1.89E12
1600 3.35E12 2.64E12 2.41E12 2.52E12
1700 4.49E12 3.45E12 3.16E12 3.29E12
1800 5.86E12 4.40E12 4.04E12 4.19E12
1900 7.47E12 5.50E12 5.07E12 5.24E12
2000 9.35E12 6.74E12 6.25E12 6.43E12
2100 1.15E11 8.14E12 7.57E12 7.78E12
2200 1.40E11 9.69E12 9.06E12 9.27E12
2300 1.67E11 1.14E11 1.07E11 1.09E11
2400 1.98E11 1.33E11 1.25E11 1.27E11
2500 2.31E11 1.53E11 1.44E11 1.47E11
2600 2.68E11 1.75E11 1.66E11 1.68E11
2700 3.08E11 1.99E11 1.88E11 1.91E11
2800 3.52E11 2.24E11 2.13E11 2.16E11
2900 3.99E11 2.51E11 2.39E11 2.42E11
3000 4.49E11 2.79E11 2.66E11 2.70E11
a The E stands for powers of ten.
Table 2
Thermochemistry of the R1 reaction path (trans-N2H2 þ N ! N2H þ NH). Values are in
kcal/mol.
Method DE DH V z DVG;za
MP2/aTZ 2.4 5.6 23.3 22.3
BB1K/aTZ 12.7 17.6 10.3 6.6
M05/aTZ 14.8 19.9 6.3 2.7
M06/aTZ 12.3 17.5 6.5 3.1
M06L/aTZ 15.0 19.9 1.7 1.5
M05-2X/aTZ 13.9 18.7 8.8 5.0
M06-2X/aTZ 12.9 17.8 7.4 3.7
B3LYP/aTZ 19.3 24.1 2.1 1.0
CCSD (T)/aTZ 9.1 13.8 13.8 10.3
CCSD (T)/aQZ 10.1 14.8 13.4 10.0
CCSD (T)/CBS 10.8 15.5 13.1 9.8
CCSD (T)/aTZ//BB1K/aTZ 9.4 14.3 13.5 9.8
CCSD (T)/aQZ//BB1K/aTZ 10.3 15.2 13.3 9.6
CCSD (T)/CBS//BB1K/aTZ 11.0 15.9 13.1 9.4
MRCI/aTZ//CASSCF/aTZ 9.0 14.3 28.0 25.3
MRCI/aQZ//CASSCF/aQZ 9.9 15.3 30.9 27.1
MRCI/CBS//CASSCF/a (T/Q) Z 10.6 16.0 33.0 28.4
MRCI + Q/aTZ//CASSCF/aTZ 10.3 15.6 15.4 12.8
MRCI + Q/aQZ//CASSCF/aQZ 11.2 16.7 16.6 12.7
MRCI + Q/CBS//CASSCF/a (T/Q) Z 11.9 17.5 17.5 12.6
CASPT2/aTZ//CASSCF/aTZ 10.8 16.1 11.6 9.0
CASPT2/aQZ//CASSCF/aQZ 11.9 17.2 11.2 8.5
CASPT2/CBS//CASSCF/a (T/Q) Z 12.7 18.0 10.9 8.1
Table 3
Thermochemistry of the R2 reaction path (trans-N2H2 þ N ! N3H2). Values are in
kcal/mol.
Method DE DH V z DVG;za
MP2/aTZ 1.0 3.0 30.7 31.8
BB1K/aTZ 12.0 10.4 12.7 13.3
M05/aTZ 14.1 12.5 8.9 9.6
M06/aTZ 11.1 9.5 10.3 10.9
M06L/aTZ 14.1 12.5 5.9 6.5
M05-2X/aTZ 13.6 12.2 10.6 11.1
M06-2X/aTZ 11.1 9.7 10.7 11.2
B3LYP/aTZ 16.7 15.3 6.2 6.9
CCSD (T)/aTZ 3.5 1.8 16.0 16.7
CCSD (T)/aTZ//BB1K/aTZ 3.7 2.2 15.5 16.1
CCSD (T)/aQZ//BB1K/aTZ 5.3 3.8 15.2 15.8
CCSD (T)/CBS//BB1K/aTZ 6.5 5.0 15.0 15.6
40 R.F.K. Spada et al. / Chemical Physics Letters 557 (2013) 37–42point MRCI + Q/CBS, and equal to 10.9 and 12.7 kcal/mol at the
single point CASPT2/CBS. Note that the classical barrier height cal-
culated by CCSD (T)/CBS//BB1K/aTZ is 2.2 kcal/mol lower than the
multireference CASPT2/CBS. The MRCI + Q/CBS predicted a value
which seems to be too high, and it is also very different from the
value obtained without the Davidson correction, equal to
33.0 kcal/mol. For the DE, the single reference and multireference
results differ no more than 3.3 kcal/mol. Therefore, the CCSD (T)/
CBS//BB1K/aTZ results can be considered reliable to this reaction
path and it was used as the high-level method in the calculations
of R1 and R2 reaction paths.
For the R2 reaction path, as discussed before, our best
results are based only on single-reference methods. The CCSD
(T)/CBS//BB1K/aTZ calculated values for classical barrier height
(V z) and electronic energy of reaction (DE) are equal to 15.0 and
6.5 kcal/mol, respectively. Compared to this results, we also
found that, between the DFT methods, the BB1K functional present
the best results followed by M06–2X. The vibrationally adiabatic
barrier height (DVG;za ) for this reaction, equal to 15.6 kcal/mol, is
6.2 kcal/mol higher than that for the reaction R1, indicating that
R1 is the most important path.
In the calculation of the rate constants, the potential energy
surfaces were generated using BB1K/aTZ within curvilinearcoordinates, updating the gradient every 0.02 Å and the Hessian
matrix each 0.1 Å. Also the energies of the stationary points were
corrected with the CCSD (T)/CBS//BB1K/aTZ values. The potential
energy surface are presented in Figure 2. The symmetry number
of the reactions were calculated using the rotational symmetry
numbers (rf ) of the point-group symmetries, according to Fernán-
dez–Ramos et al. [50]. The reactants present symmetry Cs for the
N2H2 and C1v for the nitrogen atom. The saddle points of R1 and
R2 paths have Cs and C1 symmetries, respectively, and the rf is
equal to 1 for both reaction paths. However, the SP of the addition
Table 5
Rate constants (in cm3 mol1 s1) for the R2 reaction path (trans-N2H2 þ N ! N3H2).a
T (K) TST CVT CVT/ZCT CVT/SCT
200 5.38E29 5.32E29 6.66E29 7.60E29
250 1.34E25 1.31E25 1.50E25 1.63E25
298 2.12E23 2.06E23 2.24E23 2.38E23
300 2.54E23 2.44E23 2.68E23 2.84E23
350 1.10E21 1.05E21 1.17E21 1.17E21
400 1.89E20 1.80E20 1.88E20 1.94E20
500 1.06E18 1.01E18 1.03E18 1.05E18
600 1.64E17 1.55E17 1.56E17 1.59E17
700 1.21E16 1.13E16 1.13E16 1.14E16
800 5.54E16 5.20E16 5.04E16 5.08E16
900 1.85E15 1.72E15 1.59E15 1.60E15
1000 4.96E15 4.52E15 4.14E15 4.16E15
1100 1.13E14 1.01E14 9.26E15 9.30E15
1200 2.26E14 2.00E14 1.84E14 1.85E14
1300 4.10E14 3.62E14 3.32E14 3.34E14
1400 6.92E14 6.04E14 5.58E14 5.60E14
1500 1.10E13 9.48E14 8.80E14 8.82E14
1600 1.65E13 1.42E13 1.32E13 1.32E13
1700 2.38E13 2.04E13 1.90E13 1.90E13
1800 3.32E13 2.82E13 2.64E13 2.64E13
1900 4.48E13 3.78E13 3.56E13 3.56E13
2000 5.88E13 4.96E13 4.68E13 4.68E13
2100 7.58E13 6.36E13 6.02E13 6.02E13
2200 9.54E13 8.00E13 7.58E13 7.58E13
2300 1.18E12 9.88E13 9.38E13 9.40E13
2400 1.45E12 1.20E12 1.15E12 1.15E12
2500 1.74E12 1.45E12 1.38E12 1.38E12
2600 2.08E12 1.72E12 1.64E12 1.64E12
2700 2.44E12 2.02E12 1.93E12 1.94E12
2800 2.86E12 2.36E12 2.26E12 2.26E12
2900 3.30E12 2.72E12 2.60E12 2.60E12
3000 3.78E12 3.12E12 2.98E12 3.00E12
a The E stands for powers of ten.
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Figure 3. Arrhenius plots of (a) trans-N2H2 þ N ! N2H þ NH (R1) and (b)
trans-N2H2 þ N ! N3H2 (R2).
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are mirror images of each other, so the R2 thermal rate constant is
multiplied by two. The rate constants calculated in the tempera-
ture range of 200–3000 K using TST, CVT, CVT/ZCT and CVT/SCT
are presented in Tables 4 and 5 and in Figure 3 for R1 and R2 paths.
The R1 is the most important path for this reactional system, it
presents rate constants higher than R2 by a factor of 1010 at low
temperatures (200 K), 102 at 1500 K and 101 at 3000 K.
Concerning the R1 path, the variational effect is important, in
average the CVT rate constants is around 24% lower than the TST
(see Table 4). The tunneling contributions play a signiﬁcant role
for the abstraction reaction path, mainly at low temperatures. In
the CVT rate constants, the ZCT and SCT transmission coefﬁcients
at 298 K are about 4 and 14 times larger, respectively. At lower
temperature, these transmission coefﬁcients are much larger,
although they rapidly decrease with the temperature, being no lar-
ger than 1.5 at 700 K. At even higher temperatures, the non-classi-
cal reﬂection is more important than tunneling, dominating ZCT
from 1200 K and SCT from 1400 K.
In the R2 path, differing from R1, the variational and tunneling
effects do not play a relevant role, as showed in Table 5 and dis-
played in Figure 3. Note in Figure 2 that the DVG;za curve for R2 pre-
sents a larger width compared with the R1 path, which implies a
smaller tunneling effect. Also, in R1 the reduced mass considered
in the tunneling is much smaller than the one at the R2 path.
The non-classical reﬂection for R2 becomes more important than
both tunneling corrections above 800 K.4. Conclusion
In this letter, two reactions paths of the trans-N2H2 þ N reaction
system were studied using high-level wave-function methods(CCSD (T), CASPT2 and MRCI) and DFT approximations. The ther-
mochemical properties calculated using the BB1K/aTZ method pre-
sented the best results between the DFT functionals when
compared to the CCSD (T) calculations.
The best estimated classical barrier height for the R1 path are in
the range of 10.9 to 17.5 kcal/mol calculated at CASPT2/CBS,
CCSD (T)/CBS andMRCI + Q/CBS. The rate constants were calculated
using the BB1K/aTZ energy surface with the classical barrier height
corrected with the CCSD (T)/CBS//BB1K/aTZ values, equal to 13.1
and 15.0 kcal/mol for the R1 and R2 reaction paths, respectively.
In this letter it was showed that the hydrogen abstraction (R1)
is the most important path involved in this reaction system. Also,
the variational and tunneling effects play an important role for
R1, while for the addition path (R2) these effects are negligible.
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